Introduction
============

Traumatic brain injury (TBI) is an intracranial injury caused by an external force that impacts the head, exceeding the brain's protective capacity. This force could be a violent blow, a bump, a projectile, or even a blast.[@b1-ndt-11-097] Depending on the severity of the impact, it may lead to bruising, bleeding, brain dysfunction, or death.[@b2-ndt-11-097]--[@b4-ndt-11-097] The extent of these effects may last temporarily, for a couple of days, or for the rest of a patient's life.[@b2-ndt-11-097]--[@b4-ndt-11-097]

TBI can be classified as mild, moderate, or severe, depending on the damage to the brain,[@b5-ndt-11-097],[@b6-ndt-11-097] and because of this heterogeneity, accurately categorizing each TBI case has been difficult. To this end, the clinical test used most is the Glasgow coma scale, which assesses the level of consciousness of the patient, measuring motor responsiveness, verbal performance, and eye reflex, with a composite score from all three tests of 3--8 considered severe, a score of 9--13 considered moderate, and a score of 14--15 considered mild.[@b1-ndt-11-097],[@b7-ndt-11-097],[@b8-ndt-11-097] The use of imaging modalities (eg, computed tomography or magnetic resonance imaging scans) and differential diagnosis of comorbidity factors (ie, an existing pathological condition such as endocrine diseases/problems such as hypopituitarism or growth hormone deficiency and diabetes insipidus)[@b9-ndt-11-097]--[@b11-ndt-11-097] are equally important in determining TBI severity.[@b12-ndt-11-097] A similar challenge exists in characterizing the pathological severity in animal models of TBI.[@b5-ndt-11-097] However, both human and animal TBI brains present with the distinctive signature of a neuroinflammatory response.[@b5-ndt-11-097],[@b9-ndt-11-097]--[@b12-ndt-11-097]

Mild TBI, sometimes referred to as concussion, is the most prevalent TBI.[@b3-ndt-11-097],[@b4-ndt-11-097],[@b13-ndt-11-097],[@b14-ndt-11-097] Although TBI has been traditionally considered an acute injury, accumulating clinical and laboratory evidence has recognized the chronic pathology of the disease. Indeed, TBI can manifest many symptoms of neurodegenerative disorders, such as Parkinson's[@b15-ndt-11-097]--[@b18-ndt-11-097] and Alzheimer's disease.[@b13-ndt-11-097],[@b19-ndt-11-097]

Accumulating laboratory and clinical evidence has implicated neuroinflammation in both acute and chronic stages of TBI,[@b2-ndt-11-097]--[@b6-ndt-11-097] suggesting this secondary cell death pathway may be the key to the disease pathology and treatment, which is the major topic of this article.

TBI is a serious public health problem, contributing to 30% of deaths related to injury in the United States,[@b3-ndt-11-097],[@b4-ndt-11-097] with a mortality rate of around 50,000 individuals each year, 1.4 million receiving emergency treatment, and more than 235,000 requiring hospitalization.[@b20-ndt-11-097],[@b21-ndt-11-097] Among the survivors, around 85,000 suffer long-term complications, including chronic disability, leading to an estimated prevalence of 3.2--5.3 million Americans with TBI.[@b20-ndt-11-097],[@b22-ndt-11-097] The economic burden is approximately \$4.5 billion from direct treatment at hospitals and long-term care, \$20.6 billion lost as a result of work absence or disability, and \$12.7 billion in lost income from premature death, all adding up to more than \$37.8 billion.[@b23-ndt-11-097] In addition, TBI affects not only the individual but also family members, friends, and even the community, which adds another cost to TBI. The significant extent of social and financial toll to the United States contributes to TBI's designation as an urgent clinically unmet need.

TBI is prevalent in both military personnel and civilians.[@b24-ndt-11-097]--[@b26-ndt-11-097] Hence, TBI will continue to be an issue even in peaceful times, necessitating the need for research to gain better insights into the disease. Here, we focus on neuroinflammation, which closely manifests immediately after TBI onset, and equally important, it persists in the chronic stages of the disease, making it an appealing target for understanding TBI pathology and its treatment ([Figure 1](#f1-ndt-11-097){ref-type="fig"}).

Clinical manifestations of TBI
==============================

After suffering TBI, around 30%--80% of patients experience postconcussive symptoms.[@b27-ndt-11-097] Most patients fully recover in a couple hours or days, although it may take a couple of weeks. However, depending on the severity of the injury, there are some cases in which victims do not recover and the symptoms persist for years.[@b28-ndt-11-097] Factors such as being female, being older, having a lower socioeconomic status, and having previous mental health problems make patients more prone to chronic postconcussive symptoms.[@b27-ndt-11-097],[@b29-ndt-11-097] Clinical manifestations of mild TBI consist of a combination of physical and neuropsychiatric symptoms, which include behavioral and cognitive disorders.

There are many forms of TBI other than mild TBI. Similar symptoms may develop from TBI (ie, contusions to the brain, or even diffuse axonal injuries), but they are often worsened (ie, coma). The clinical manifestations of these types of TBI, computed tomography scan findings, and management will differ. This review focuses mainly on symptoms found in mild TBI, as they are most prevalent.

Of the physical symptoms of TBI, headaches are the most common, with around 25%--90% of post--mild TBI patients reporting it.[@b27-ndt-11-097] Dizziness and nausea are other common symptoms, along with fatigue, sleep disruption, hearing problems, and visual disturbances.[@b28-ndt-11-097] As a result of damage to the frontal or temporal lobe, TBI patients are also prone to seizures, which may present a challenge for diagnosis and treatment (ie, differential diagnosis between TBI and epilepsy).[@b27-ndt-11-097]

Cognitive disorders after TBI primarily include attention deficit, memory problems, and executive dysfunction.[@b28-ndt-11-097] Attention deficit is very common and interferes with other functions, making daily tasks harder than before.[@b30-ndt-11-097] The extent of these cognitive impairments is directly correlated to the severity of injury.[@b31-ndt-11-097] There are different explanations for the underlying mechanism of these symptoms. Injury to the frontal lobe and subcortical systems results in loss of function.[@b30-ndt-11-097],[@b31-ndt-11-097] White matter shearing and diffuse axonal injuries may result in interruption and inefficiencies in processing information, along with slower mental speed and stamina.[@b30-ndt-11-097]

Behavioral symptoms associated with TBI are recognized as changes in the personality of the patient. These include irritability, mood changes, aggression, impulsivity, self-centered behavior, and poor persistence.[@b30-ndt-11-097],[@b32-ndt-11-097] Other symptoms related to TBI are depression (sadness, low energy and motivation, not liking oneself, hopelessness), anxiety, and posttraumatic stress disorder.[@b27-ndt-11-097],[@b28-ndt-11-097],[@b33-ndt-11-097] In addition, as noted earlier, TBI may increase the risk of developing Parkinson's disease, Alzheimer's disease, and other neurodegenerative diseases in the long term.[@b16-ndt-11-097]--[@b18-ndt-11-097],[@b34-ndt-11-097],[@b35-ndt-11-097] These behavioral symptoms are more prevalent and are severely manifested in females, older adults, those of lower socioeconomic status, and those with previous mental health problems.[@b29-ndt-11-097] The recognition of these comorbidity factors will facilitate the diagnosis and treatment of TBI, especially in the mild form.

As previously mentioned, TBI patients are prone to seizures, which makes it difficult to diagnose whether TBI or epilepsy is to blame for some symptoms. Regardless of the diagnoses, some latent forms of epileptiform processes disturb cognitive and emotional balance.[@b27-ndt-11-097] This can lead to so-called complex partial seizure-like symptoms, which also effect inflammatory changes (ie, increased levels of interleukin 6 \[IL-6\]). Research that further expands knowledge on the mechanism of these processes may be of importance with respect to specific indications of anticonvulsants.

Secondary cell death and neuroinflammation
==========================================

Once TBI occurs, a number of short- and long-term detrimental processes begin to affect the brain. The initial insult first leads to a primary injury caused by the mechanical damage from shearing, tearing, and/or stretching of neurons, axons, glia, and blood vessels.[@b36-ndt-11-097] The primary injury can be diffuse, focal, or a combination of both, making the damage in each case heterogeneous. In most cases, any type of TBI-induced primary injury results in direct neural cell loss and necrotic cell death.[@b37-ndt-11-097]

The primary injury triggers a secondary wave of biochemical cascades, together with metabolic and cellular changes. This occurs within seconds to minutes after the traumatic insult and can last for days, months, or years. It often leads to progressive neurodegeneration and delayed cell death, exacerbating the damage from the primary injury.[@b37-ndt-11-097],[@b38-ndt-11-097] The secondary wave is mainly detected in the injury site and surrounding tissue, although neurodegeneration in brain areas located far from the primary impact has recently been recognized.[@b3-ndt-11-097] The secondary wave consists of excitotoxicity, oxidative stress, mitochondrial dysfunction, blood--brain barrier (BBB) disruption, and inflammation.[@b2-ndt-11-097],[@b5-ndt-11-097],[@b15-ndt-11-097],[@b33-ndt-11-097],[@b39-ndt-11-097]--[@b44-ndt-11-097] All these processes contribute to neurological deficits separately, but at the same time, these cell death processes interact, worsening the progressive outcome of TBI.[@b39-ndt-11-097]

There are several secondary cell death mechanisms that accompany TBI. Excitotoxicity, characterized by the injured nerve cells secreting large amounts of intracellular glutamate into the extracellular space,[@b45-ndt-11-097] has been detected after TBI. This significantly increased concentration of neurotransmitter, glutamate, in the synaptic space[@b46-ndt-11-097] overstimulates the AMPA and NMDA receptors of surrounding nerve cells. These receptors stay activated, allowing an influx of sodium and calcium ions into the cell.[@b45-ndt-11-097] The high concentration of calcium ions in the cytosol leads to the activation of protein phosphatases, phospholipases, and endonucleases. Eventually, the DNA is fragmented, and structures and membranes of the cell are deteriorated. This results in cell death through a hybrid form of apoptosis and necrosis.[@b47-ndt-11-097] The overstimulation of glutamate receptors also results in the increased production of nitric oxide, free radicals, and prodeath transcription factors.[@b48-ndt-11-097]

Another secondary cell death event that occurs soon after TBI is oxidative stress, characterized by aberrant accumulation of reactive oxygen species (ROS) and reactive nitrogen species (RON).[@b49-ndt-11-097] Because of their highly reactive properties, free radical levels are normally kept low via regulation of the production and degradation rate by enzymes and antioxidants.[@b50-ndt-11-097] After TBI, a significant increase in ROS and impairment of antioxidants that lower the levels is seen.[@b51-ndt-11-097] When the generation of ROS/RON is too large, it leads to major cell dysfunction, as its oxidative capabilities damage all biomolecules.[@b52-ndt-11-097] ROS cause lipoperoxidation of the cell membrane, which results in the dysfunction of many structures and organelles, such as the mitochondria and oxidizing proteins that affect membrane pores.[@b50-ndt-11-097] It may also fragment DNA, causing mutations.[@b50-ndt-11-097] ROS are also related to the infiltration of neutrophil, which induces an inflammatory response that, in turn, increases the generation of ROS.[@b51-ndt-11-097] Overall, oxidative stress cascade results in large neuronal cell death.

Mitochondrial dysfunction has also been documented as a key secondary cell death mechanism in TBI.[@b53-ndt-11-097] The mitochondria is a major source of ROS from the electron transport chain.[@b54-ndt-11-097] After TBI, the stabilizing mechanisms of levels of ROS become impaired, resulting in increased concentrations.[@b55-ndt-11-097] Lipid peroxidation-mediated oxidative damage to the mitochondrial membrane negatively affects its structure and function.[@b56-ndt-11-097] The mitochondria also works as a calcium ion buffer, releasing and absorbing the ions as needed to maintain homeostasis.[@b38-ndt-11-097] However, when the calcium ion load becomes too large from excitotoxicity, the function of the mitochondria becomes impaired. The mitochondrial permeability transition pore, associated with the mitochondrial inner membrane, is a calcium ion-dependent pore.[@b57-ndt-11-097] With the excess calcium ions, the pore stays active, disrupting the mitochondrial membrane potential.[@b57-ndt-11-097] Without a membrane potential, the mitochondria is unable to produce ATP, and the ATP synthase may actually consume ATP instead of producing it. With mitochondrial break down, toxins and apoptotic factors are released into the cell, activating the caspase-dependent apoptosis.[@b58-ndt-11-097] This causes the cell to commit suicide.

An equally persistent secondary cell death in TBI is BBB breakdown.[@b44-ndt-11-097],[@b53-ndt-11-097],[@b59-ndt-11-097] The BBB consists of tightly connected endothelial cells, but its normal function is contingent on interactions with closely located glia and astrocytes. It is highly selective, creating an environment for the brain parenchymal cells free of blood--borne factors and immune cells.[@b60-ndt-11-097] BBB dysfunction is related to neuronal cell death and cognitive decline and limits the effectiveness of therapies.[@b60-ndt-11-097],[@b61-ndt-11-097] Its dysfunction triggers many other secondary injuries, including cell death, oxidative stress, and inflammation, causing the brain to swell, with higher intracranial pressure and ischemia.[@b61-ndt-11-097] The primary injury disrupts the tight junctions, allowing an influx of peripheral immune cells and circulating factors (albumin, thrombin, and fibrinogen).[@b60-ndt-11-097] These events affect the interaction between BBB endothelial cells and astrocytic glial cells, further contributing to the effects of BBB dysfunction by increasing its permeability.[@b60-ndt-11-097] One of the underlying mechanisms regarding BBB dysfunction after TBI is the up-regulation of protein matrix metallopeptidase 9 (MMP-9).[@b62-ndt-11-097] This digests the tight junctions, disrupting its proper function.[@b62-ndt-11-097] BBB breakdown also allows an influx of larger molecules such as leukocytes that increase the osmotic force in the brain.[@b63-ndt-11-097] This results in edema and higher intracranial pressure, which are directly related to ischemia and further cell death.[@b63-ndt-11-097]

Next, we focus on our research group's long-standing interest in neuroinflammation, which is also responsible for major secondary cell death after TBI.[@b2-ndt-11-097]--[@b4-ndt-11-097],[@b15-ndt-11-097],[@b19-ndt-11-097],[@b33-ndt-11-097],[@b43-ndt-11-097] Neuroinflammation initiates after impact and has been detected as lasting in humans for up to at least 17 years.[@b64-ndt-11-097] Neuroinflammation involves immune cells, microglia, cytokines, chemotactic cytokines (chemokines), and other inflammatory mediators that interfere with the brain's endogenous capacity to repair itself, exacerbating neuronal death.[@b65-ndt-11-097] After the initial injury, an endogenous inflammatory response is triggered to defend the injury site from invading pathogens and to repair the damaged cells. The complement is activated to perform these functions and recruits inflammatory cells into the intrathecal compartment.[@b39-ndt-11-097] The activation of the complement is also accompanied by the infiltration of neutrophils, monocytes, and lymphocytes across the BBB.[@b66-ndt-11-097] These secrete prostaglandins, free radicals, proinflammatory cytokines, and other inflammatory mediators that, in turn, up-regulate the expression of chemokines and cell adhesion molecules.[@b66-ndt-11-097],[@b67-ndt-11-097] This results in immune cells and microglia mobilizing into the brain parenchyma.[@b66-ndt-11-097]

Peripheral and resident microglia cells, which are systemic macrophages, both mount a protective response against TBI, limiting the extent of the damage by separating the injured tissue from the healthy tissue.[@b68-ndt-11-097] However, microglial activation in TBI is excessive, and proinflammatory cytokines such as tumor necrosis factor (TNF)-α, IL-1β, IL-6, IL-12, and interferon γ are released.[@b4-ndt-11-097],[@b39-ndt-11-097] The up-regulation of these cytokines increases the permeability of the BBB by higher expression of cell adhesion molecules in the endothelial cells and by an increased production of chemokines. This results in an increased inflammatory response.[@b60-ndt-11-097] Sustained micro-glial activation also produces neurotoxic molecules and free radicals, which lead to other mechanisms of secondary cell death.[@b4-ndt-11-097],[@b37-ndt-11-097] Glial cells also play a major role in the leukocyte entry across the BBB. T cells produce cytokines that stimulate glial cells to greatly produce and express chemokines that ease the migration of leukocytes by up-regulating the expression of adhesion molecules. This leads to an amplification of the inflammatory reaction.[@b69-ndt-11-097] In addition, activated microglial cells increase the expression of major histocompatibility complex class II (MHCII+), which is directly correlated to neurodegeneration.[@b4-ndt-11-097]

Although activated microglia often act as a major contributor in the inflammatory response, there are instances in which they do not. They can polarize into distinct phenotypes, depending on the microenvironment in which they are activated. An M1 phenotype, also referred as "classical" activation, is promoted in the presence of lipopolysaccharide and interferon γ.[@b4-ndt-11-097],[@b68-ndt-11-097] This subtype is characterized by the increased synthesis of proinflammatory cytokines and low levels of antiinflammatory cytokines such as IL-10.[@b70-ndt-11-097] In contrast, when exposed to cytokines IL-4 or IL-13, microglia polarize into the M2 phenotype.[@b70-ndt-11-097] This "alternative activation" dampens the inflammatory response by reducing the production of proinflammatory cytokines and increasing the production of IL-10, transforming growth factor 1β (both anti-inflammatory cytokines), and suppressor of cytokine signaling.[@b4-ndt-11-097],[@b68-ndt-11-097]

Astrocytes also play a role in the injury site after TBI. Along with other neurotrophic factors, they up-regulate brain-derived neurotrophic factors that support and guide axons in their recovery, increase cell proliferation, and promote the long-term survival of neurons by inhibiting programmed cell death.[@b68-ndt-11-097],[@b71-ndt-11-097],[@b73-ndt-11-097] Astrocytes also regulate extracellular glutamate levels, which consequently reduce glutamate excitotoxicity to neurons and other cells.[@b68-ndt-11-097] Accordingly, astrocytes are thought to exert many beneficial effects post-TBI.[@b68-ndt-11-097] However, when the presence of astrocytes is too large and they become overactivated, it can lead to detrimental effects in the brain. The astrocytes secrete inhibitory extracellular matrix, building a dense physical and chemical barrier surrounding the injury site (glial scar), which encapsulates and isolates the axons. This protects the remaining healthy brain from the neurotoxic environment of the injury site, but it also interferes and prevents the regeneration and repair of the damaged tissue.[@b68-ndt-11-097],[@b72-ndt-11-097]

Neuroinflammation-based therapies
=================================

Damage resulting from the primary injury is almost impossible to treat and can only be prevented by using safety equipment (wearing helmets and/or seatbelts) to avoid accidents. As such, researchers and clinicians focus on secondary cell death when contemplating treatments for TBI. The delayed damage caused by secondary events allows a window of opportunity to treat the injury. Therefore, it is very convenient to target neuroinflammation for TBI therapy. It takes considerably more time for the inflammatory cells to reach the injured brain and contribute to the secondary cell death damage than it takes other secondary death mechanisms, such as glutamate excitotoxicity.[@b74-ndt-11-097] This delayed onset provides an extended window of opportunity in which treatments can be administered, greatly increasing the chances of a successful intervention and preventing further damage. When considering treatments for neuroinflammation in TBI, it is important to note that inflammation has both beneficial and detrimental effects. Prior studies have shown that high doses of antiinflammatory agents actually lead to worse outcomes.[@b75-ndt-11-097] In addition to inhibiting the detrimental effects of neuroinflammation, these robust treatments may also retard the beneficial ones.

Stand-alone drugs targeting inflammation have been explored for TBI. Minocycline, a tetracycline derivative with antiinflammatory properties, is one potential drug treatment for TBI.[@b76-ndt-11-097]--[@b79-ndt-11-097] These properties, along with its excellent human safety profile, as deemed by the US Food and Drug Administration, and its ability to cross the BBB, make minocycline a superlative candidate for clinical trials.[@b76-ndt-11-097],[@b80-ndt-11-097] In studies using animal models, minocycline afforded improvement in tissue damage and in inflammation, leading to improved outcomes. The drug reduces the secretion of proinflammatory cytokines and chemokines, together with other mediators of inflammation, reducing nitric oxide by direct scavenging and inhibiting the overactivation and proliferation of microglia cells.[@b80-ndt-11-097],[@b81-ndt-11-097] Targeting microglia cells is crucial, as it is accompanied by the reduction of cytokines IL-1β, IL-6, and MMP-9, all of which mediate the proinflammatory response.[@b75-ndt-11-097],[@b81-ndt-11-097],[@b82-ndt-11-097] However, data from other studies suggest that minocycline has no therapeutic effect on TBI. These conflicting results may be a result of variations such as dosage and interval of administration, but they still warrant additional studies.[@b81-ndt-11-097],[@b83-ndt-11-097]

Another stand-alone drug being investigated is melatonin. A hormone from the pineal gland, melatonin has shown neuroprotective properties.[@b84-ndt-11-097]--[@b94-ndt-11-097] As a lipophilic enzyme, it can easily cross cell membranes and carry out its functions. Its antiinflammatory capabilities are related to inhibition of microglial activation and lower secretion of proinflammation cytokines including IL-1β and TNF-α.[@b91-ndt-11-097],[@b92-ndt-11-097] These are directly related to an increased inflammatory response. Similar to minocycline, the effect of melatonin has varied. The results of successful trials include lower brain edema and reduced cortical neural degeneration, which would suggest improved cognitive deficits.[@b93-ndt-11-097] However, experimental models have failed to show cognitive improvements, with the dosage of therapeutic administered suggested as the root cause.[@b83-ndt-11-097] Therefore, melatonin may be a potential therapy to counter secondary damage caused by inflammation. Additional studies are needed to assess the long-term feasibility, safety, and efficacy of melatonin in multiple models of TBI.

Statins, drugs normally used to lower cholesterol, have also shown many neuroprotective properties, including antiinflammatory effects in a mouse model of subarachnoid hemorrhage.[@b95-ndt-11-097] Statins suppress the activation of microglia by inhibiting the signaling pathways of toll-like receptor 4 and nuclear factor kB (NF-kB) activation, as well as some small G-proteins.[@b40-ndt-11-097],[@b96-ndt-11-097] It also suppresses the activation of astrocytes by inhibiting epidermal growth factor receptors, which play a central role in astrogliosis.[@b97-ndt-11-097] Therefore, the suppressed microglia and astrocytes do not perform their proinflammatory effects, resulting in decreased expression of proinflammatory cytokines IL-1β and TNF-α, intracellular adhesion molecules, and intercellular adhesion molecules ameliorating the inflammatory response.[@b40-ndt-11-097],[@b95-ndt-11-097],[@b97-ndt-11-097] Results from statin treatment in TBI models have shown improved neuronal survival, growth, and differentiation and reduction of functional impairment.[@b40-ndt-11-097] In clinical trials of patients reporting TBI, administration of rosuvastatin over the course of 10 days resulted in minor improvements in amnesia and disorientation, as assessed by the Galveston Orientation Amnesia Test.[@b98-ndt-11-097] Statins are well tolerated by patients, and their mild adverse effects are well-defined and can be easily monitored. Although statins have a record of safety and efficacy in preclinical models of other disease implications (eg, stroke, intracerebral hemorrhage), more rigorous laboratory studies in TBI models may improve clinical outcomes.

Preclinical studies using stem cells have shown promising results as a regenerative therapy for TBI.[@b2-ndt-11-097],[@b3-ndt-11-097],[@b99-ndt-11-097] Stem cells are unspecialized cells that can regenerate damaged tissue because of their endogenous ability to differentiate into multiple cell lineages, their high proliferative capacity, and the trophic support they provide to surviving cells.[@b2-ndt-11-097],[@b100-ndt-11-097],[@b101-ndt-11-097] They are especially valuable in the treatment of brain damage, as they can modulate inflammation, stimulate endogenous repair mechanisms, and potentially differentiate into specific cells, such as neurons, replacing the dead ones.[@b3-ndt-11-097],[@b102-ndt-11-097]--[@b104-ndt-11-097] Positive results from these therapies include decreased cognitive and motor dysfunction after a traumatic event, as well as functional and physiological improvements, less inflammation and neural cell death, and increased regeneration of damaged tissue.[@b3-ndt-11-097],[@b105-ndt-11-097] Stem cells can be sourced from embryo, fetus, and adult cells; the first two have higher plasticity, trophic support, and proliferation. However, unlike adult stem cells, they risk uncontrolled proliferation and tumor formation. In addition, adult stem cells avoid the ethical and moral issues that are related to embryonic and fetal cells.[@b2-ndt-11-097],[@b3-ndt-11-097],[@b72-ndt-11-097]

Mesenchymal stem cells (MSCs) have shown therapeutic potential in TBI. They are able to migrate to the injury site, modulate the inflammatory response, proliferate, and activate T lymphocytes, neutrophils, and microglia.[@b106-ndt-11-097]--[@b108-ndt-11-097] The suppression of inflammation and immunomodulation by MSCs is attributed to the secretion of TNF-α-stimulated gene/protein 6 (TSG-6). TSG-6 is an antiinflammatory protein that is induced by TNF-α and IL-1. It interferes with the signaling pathway involved in the activation of toll-like receptors and NF-kB.[@b106-ndt-11-097],[@b109-ndt-11-097] The latter regulates many genes involved in the inflammatory response and is also correlated to the synthesis of proinflammatory cytokines. Therefore, with the secretion of TSG-6, the NF-kB pathway is inhibited together with the proinflammatory cascade that follows.[@b109-ndt-11-097] At the same time, TSG-6 binds and inactivates fragments of hyaluronan, which are characterized by their proinflammatory role.[@b109-ndt-11-097] It also shifts the behavior of T cells from producing proinflammatory cytokines (interferon γ) to producing antiinflammatory cytokines (IL-4).[@b110-ndt-11-097]

MSCs also reduce the production of chemokines CXCL2, CCL2, and RANTES. Chemokines increase the permeability of the BBB, allowing peripheral leukocytes to migrate into the damaged brain parenchyma. They are usually secreted by microglia and neurons, and may lead to an immune and inflammatory response.[@b106-ndt-11-097] The chemokine CXCL2 participates in the infiltration of neutrophils. CCL2, a chemoattractant, stimulates the migration of immune cells. RANTES is able to activate T cells.[@b106-ndt-11-097],[@b111-ndt-11-097] MSCs down-regulate production of CCL2 by secreting transforming growth factor β. This factor activates Smad3, which suppresses the transcription of CCL2 in the cell.[@b111-ndt-11-097] As a result of MSCs reducing the production of these chemokines, the detrimental effects caused by leukocytes, neutrophils, and microglia after TBI are ameliorated, reducing secondary damage.

One issue transplanted stem cells face is that they cannot thrive in the inhospitable environment of the injury site.[@b112-ndt-11-097] Because of this, stem cells should be used in combination with other factors that improve the environment, can further enhance the regeneration of damaged tissue, and improve stem cell neuroprotection. This can be achieved by using granulocyte-colony stimulating factor (G-CSF). There is evidence supporting G-CSF's capability to enhance endogenous stem cells and promote stemness maintenance.[@b3-ndt-11-097] It demonstrates a moderate antiinflammatory effect, ameliorates motor dysfunction, reduces brain edema, and improves the control of glutamate levels. Likewise, treatment with human umbilical cord blood cells alone results in a moderate decrease of hippocampal cell death and enhanced neurogenesis. However, the neuroprotective effects of both therapies are synergized when administered as a combination, exhibiting a robust beneficial effect in endogenous neurogenesis and cell death reduction.[@b3-ndt-11-097] Combining these therapies also leads to longer-lasting effects than those exhibited by the treatments administered alone.[@b3-ndt-11-097]

G-CSF, a drug approved by the US Food and Drug Administration for treatment, is a cytokine that acts through receptor-mediated transport by recruiting endogenous stem cells from the bone marrow into the peripheral blood. These stem cells can then promote neuroprotection in the injury site.[@b3-ndt-11-097] Experimental data also suggest that G-CSF crosses the BBB and binds to the G-CSF receptor on neurons and microglia. As a result, inflammatory cytokines are down-regulated, angiogenesis is promoted in the brain, and antiapoptotic pathways are triggered.[@b3-ndt-11-097] Stem cells mobilized from the bone marrow can also play an indirect role in the periphery, where they synthesize and release trophic growth factors, chemokines, and cytokines that contribute to the protection of the damaged tissue, improving brain repair.[@b3-ndt-11-097]

Future direction of antiinflammation as a therapy for TBI
=========================================================

The double-edged sword of neuroinflammation after TBI offers a venues for understanding disease mechanisms and treatments. Immune cells, astrocytes, cytokines, and chemokines are all necessary components for brain repair, and it is their excessive levels that contribute to the secondary cell death damage in TBI. Finding a treatment strategy that can modulate the influx of these cells to the injured brain in a time-dependent manner, allowing their relative activation and deactivation, is crucial to exploit their beneficial effects toward TBI treatment. Future studies are necessary to further advance our understanding of secondary cell death mechanisms (inflammation) in an effort to repurpose their outcome from being an exacerbating factor to serving as a therapeutic agent against TBI. A full recognition of disease etiology, their clinical manifestations, and their detrimental consequences will aid in the research and development of therapeutic regimens for TBI.
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**Notes:** After TBI, anticell-survival neuroinflammation (red line) ensues in both acute and chronic stage (**A**). Endogenous procell-survival neuroinflammation (green solid line) also initiates during the acute stage but is short-acting, and thus not able to protect the brain, especially during the chronic stage of TBI. Treatment interventions (green dashed line) targeting acute (**B**) and chronic (**C**) stages of TBI by enhancing procell-survival neuroinflammation pathways can be approached via pharmacologic and stem cell-based therapies. Green arrow indicates the treatment initiation.\
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